Objective: To determine the influence of admission anthropometry on clinical outcomes in mechanically ventilated children in the PICU. Design: Data from two multicenter cohort studies were compiled to examine the unique contribution of nutritional status, defined by body mass index z score, to 60-day mortality, hospital-acquired infections, length of hospital stay, and ventilator-free days, using multivariate analysis.
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For information regarding this article, E-mail: nilesh.mehta@childrens. harvard.edu Nutritional Status Based on Body Mass Index Is Associated With Morbidity and Mortality in Mechanically Ventilated Critically Ill Children in the PICU* the relationships between a range of nutritional status categories (i.e., underweight, normal weight, overweight, and obesity) and clinical outcomes in critically ill children (4, (7) (8) (9) (10) . The quality of some of these studies has been limited due to retrospective design (9) , single-center observations, small sample size (4, 9) , and nutritional status determined by weight alone (4) . In large pediatric populations, body mass index (BMI) z score is a feasible assessment of nutritional status that may correlate with body composition measurements. Therefore, we aimed to determine the influence of admission nutritional status, as assessed by BMI z score, on important clinical outcomes in mechanically ventilated children.
MATERIALS AND METHODS
The sample was a combined cohort of subjects enrolled in the Pediatric International Nutrition Studies 1 and 2. Study methods have been previously described (11) and were the identical for the two surveys (12) . Site investigators in participating PICUs with eight or more beds collected demographic, clinical, and nutritional data on consecutively admitted mechanically ventilated children aged 1 month to 18 years with an expected stay of three or more days. Patients were excluded if they were enrolled in another nutritional study, were receiving palliative care at end of life, had achieved full oral feeding, and were not dependent on any artificial feeding via the enteral or parenteral route by day 3. The dietitian recorded details of nutrient intake daily for the duration of PICU stay, up to 10 days. Severity of illness was classified as mild, moderate, or severe based on the tertile of the lowest severity score recorded (Pediatric Risk of Mortality [PRISM], PRISM III, or Paediatric Index of Mortality 2) (11) .
Nutritional status on admission was defined by BMI z score using the most recent internationally relevant growth standards and references [13, 14] . The z scores were calculated using the World Health Organization AnthroPlus software (15) . Subjects were categorized as underweight (BMI z score < -2), normal weight (BMI z score ≥ -2 and ≤ 1), overweight (BMI z score > 1 and ≤ 2), or obese (BMI z score > 2) (13, 16, 17) .
During a 60-day follow up period, the four primary outcomes, 1) mortality, 2) hospital-acquired infections, 3) mechanical ventilation days, and 4) hospital length of stay, were recorded for each subject. Hospital-acquired infections were defined as those who were diagnosed at least 48 hours after admission to the PICU and during the PICU or hospital stay up to 60 days. Ventilator-free days (VFD) were calculated as the difference between 28 days and the total number of days mechanical ventilation was required (18) . For subjects who died or received 28 or more days of mechanical ventilation, zero VFD were recorded. All data were de-identified and entered into a web-based remote data capture system by site investigators, with cross-checks and confirmation by the coordinating site (Boston Children's Hospital, Boston, MA) (11) .
Data Analysis
Descriptive statistics are reported for demographic (age, sex, PICU country/region), anthropomorphic/clinical (BMI z scores, PICU number of beds, admission category, diagnosis category, and illness severity), and outcome variables (infection prevalence, mortality, and VFD), and nutrition status groups were compared using bivariate analyses across a range of variables, including study year, to identify potential confounders. A Kaplan-Meier time to event analysis was used to describe length of hospital stay among only those subjects who survived, to avoid the competing effect of mortality on the outcome.
To account for the clustering effect of data within the geographic location of PICUs, generalized estimating equations (GEE) were used to model the probability of the dichotomous (presence of infection, mortality) and continuous (VFD) outcomes among the four nutritional status categories. Based on the bivariate analyses of the clinical and demographic characteristics, all variables significant at p value of less than 0.1 were considered for inclusion in the multivariate models (19) . Regardless of significance, nutritional status category, as the primary independent variable, was retained in the final regression models with the best fit for predicting each respective outcome. Because they are important factors for outcomes in this population, age, sex, and PICU location were also retained in the final models. In addition, two outcomes that showed a significant relationship with nutritional status, acquired infection and length of hospital stay, were added to the multivariate model of VFD. The distribution of VFD was bimodal; therefore, a two-step approach to the analysis was conducted using 1) a logistic regression GEE model to categorically evaluate subjects with zero vs. any number of VFD and 2) a multiple linear regression GEE to model the results of subjects with one or more VFD among the four nutritional status categories. A hierarchical Cox proportional hazards regression model was constructed to determine whether nutritional status category significantly influenced days until hospital discharge, while controlling for PICU location and the same set of covariates as in the GEE models.
Ethics
The Institutional Review Boards (IRBs) of Boston Children's Hospital and the Rutgers Biomedical and Health Sciences approved this investigation. Each participating site obtained local IRB approval or waiver.
RESULTS
Of the 1,769 eligible subjects in the combined cohort of the first (n = 524) and second international study (n = 1,245), data from 1,622 subjects were analyzed ( Fig. 1) . Weights were measured in 91% of the cohort and estimated in the remaining 9% of the cohort. Measured heights were available in 72% of the cohort at admission and estimated in 28% of subjects. Subject characteristics are shown in Table 1 . In the combined cohort, 54.2% (n = 879) of subjects were classified as normal weight, 17.9% (n = 291) were underweight, 14.5% (n = 235) were overweight, and 13.4% (n = 217) were obese. There were no significant differences in age, sex, weight-for-age (WFA) www.ccmjournal.org August 2016 • Volume 44 • Number 8 z score, height-for-age z score, BMI-for-age z score, length of hospital stay, or 60-day mortality between the two cohorts.
Overall 60-day mortality in the combined cohort was 6.8% (n = 111). The prevalence of one or more acquired infections was 14.7% (n = 237), ventilator-associated pneumonia 8.3% (n = 134), urinary tract infections 5.0% (n = 80), and catheterrelated blood stream infections 4.3% (n = 68). The relationships between nutritional status and the risks of mortality and infections are shown in Table 2 . When controlling for the covariates, underweight subjects were 1.53 times more likely to die during the 60-day study period than normal weight subjects (95% CI, 1.24-1.89; p < 0.001). The odds of 60-day mortality were not significantly higher among overweight and obese subjects than among normal weight subjects. When compared with normal weight subjects, the likelihood of acquiring an infection during PICU stay was significantly higher for underweight (odds ratio [OR], 1.88; 95% CI, 1.18-3.01; p = 0.008) and obese subjects (OR, 1.64; 95% CI, 1.33-2.03; p < 0.001). The odds of acquired infections were not significantly higher among overweight subjects than among normal weight subjects.
The proportional hazards model explained length of hospital stay significantly among survivors in this cohort. The Kaplan-Meier curve for hospital length of stay (up to 60 d) for survivors in the nutritional status groups is shown in Figure 2 (χ 2 = 121.6; p < 0.001). For each additional day in the hospital, underweight subjects had a 29% (hazard ratio [HR], 0.71; 95% CI, 0.60-0.84; p < 0.001) lower chance of being discharged and obese subjects had an 18% (HR, 0.82; 95% CI, 0.68-0.99; p = 0.04) lower chance of being discharged than those who were normal weight, after controlling for the covariates.
Of the 98% of subjects (n = 1,593) with available data for VFD, 17% (n = 264) had zero VFD. The logistic regression GEE model showed that underweight subjects were 40% less likely (OR, 0.60; 95% CI, 0.53-0.69; p < 0.001), obese subjects were 51% less likely (OR, 0.49; 95% CI, 0.43-0.54; p < 0.001), and (29) Mortality 111 (7) Infection (one or more episodes) (n = 1,607)
Ventilator-associated pneumonia 134 (8) Urinary tract infection 80 (5) Catheter-related blood stream infection 68 (4) overweight subjects were 19% less likely (OR, 0.81; 95% CI, 0.76-0.86; p < 0.001), respectively, to have one or more VFD than normal weight subjects. To further model the relationship between nutritional status category and VFD, data from the 82% (n = 1,329) of subjects in the cohort who had one or more VFD were included in a linear regression GEE, with PICU country/region as the second-level predictor. Nutritional status category was a significant contributor to the model predicting one or more VFD (χ 2 = 20.4; p < 0.001), when controlling for age, sex, study year, admission category, diagnosis category, illness severity, and PICU size. Underweight was significantly associated with 1.3 fewer VFDs than normal weight (95% CI, -2.1 to -0.6; p = 0.001), 1.6 fewer days than overweight (95% CI, -2.4 to -0.9; p < 0.001), and 1.2 fewer days than obese (95% CI, -1.9 to -0.6; p < 0.001). Compared with normal weight subjects, there were no significant differences in VFD among overweight and obese subjects.
DISCUSSION
Suboptimal nutritional status (underweight, overweight, or obesity) was documented in nearly half (46%) the cohort of over 1,600 mechanically ventilated children at admission to the PICU. Being underweight was associated with significantly higher odds of 60-day mortality and hospital-acquired infections fewer VFDs and lower likelihood of discharge. Obesity was significantly associated with higher odds of hospital acquired infections and longer hospital stay among survivors.
To our knowledge, this is the largest prospective pediatric critical care cohort demonstrating an association between BMI at admission and important clinical outcomes. Our results highlight the prevalence of malnutrition in PICUs and the importance of anthropometry to allow early interventions to be targeted in high-risk critically ill children.
Underweight status has been shown to predict outcomes in a variety of critically ill pediatric populations (20) (21) (22) . In a recent study of PICU admissions at a tertiary referral center in the United Kingdom, mean WFA was significantly lower than that of the national reference population (10) . Mortality risk was highest in children who were underweight (WFA z score < -3) or overweight (WFA z score > +3) in this cohort. Similarly, in a prospective cohort study of children admitted to a Brazilian PICU, malnutrition was significantly associated with longer duration of mechanical ventilation (23) . In a cohort of children admitted to an Indian PICU, malnutrition was associated with increased risk of acquired infections and length of stay (7) . In children with congenital heart defects, underweight is a significant predictor of lengthier hospital stay (22, 24, 25) . Other researchers have demonstrated associations between pediatric undernutrition and higher risk for pressure ulcers (26) and respiratory infections (27, 28) , all of which may contribute to morbidity and mortality. Although associations such as these do not imply causality; the impact of being underweight on pediatric outcomes may have biologic plausibility. Underweight could be a symptom of an underlying disease or reason for admission that relates to mortality risk (29) . Underweight children may also have impaired immune function that could limit their defence against exposure to infections common in hospitals (30) . Furthermore, critically ill children are at risk of further nutritional deterioration during their illness course due to disease or barriers to nutrient delivery in the ICU.
Previous studies have utilized WFA z scores to classify patients according to their nutritional status. This is probably due to the lack of available heights in PICUs. Despite the prospective nature of our study, measured heights were substituted by estimated values in 28% of the cohort. However, weight alone may be misleading as a marker of nutrition, especially in the PICU population where fluid shifts are commonly present during the acute phase of illness. Weight for height or BMI may provide a better index of nutritional status and were recently recommended as primary indicators of nutritional status and growth in children (31) . Lean body mass may be a better predictor of outcomes when compared with weight alone (32) . Skeletal muscle mass loss, or sarcopenia, has been shown to predict a variety of outcomes in critically ill adults (33) . Anthropometric measurements such as mid-arm circumference, triceps skinfold thickness, mid-arm muscle circumference, and mid-arm muscle area have been used to describe fat and lean stores and their relation to outcomes in mechanically ventilated children (8) . However, accurate measurements require expertise and experience. Despite its limitations, BMI can be easily determined by weight and height measurement and may be a better indicator than body weight for evaluating the proportion of fat mass relative to lean mass in children (34) . The relationship between obesity and pediatric critical care outcomes remains unclear. In a single-center retrospective study of mechanically ventilated children, overweight, obese, or severely obese children did not have any significant difference in mortality, length of stay, or duration of mechanical ventilation when compared with patients with normal weight (35) . In children admitted for status asthmaticus, obesity was a significant predictor of PICU stay (36) . Pediatric cohorts with critical illness, cancer, solid organ, and stem cell transplantation have a mortality association with obesity (37) . In our current study, hospital stays, and odds of acquiring an infection were significantly higher in obese but not in overweight subjects. The nature of the impact of obesity on outcomes may depend on the individual patient and illness type. Excess fat stores may affect ventilatory status, potentially increasing dependence on respiratory support (38) . Patients who are obese may also be at greater risk for complications related to skin integrity such as pressure sores, which could delay hospital discharge (39) . Existing studies have used heterogeneous methods to classify subjects as obese or overweight and a uniform definition might help clarify some of these associations in future investigations.
As a PICU outcome, VFD accounts for the impact of ventilator time and mortality within a defined time period, with larger numbers indicating reduced morbidity and zero indicating mortality or extended ventilator time (18) . The analysis of ventilator days unadjusted for mortality could potentially yield ambiguous results because fewer days on ventilation would suggest a positive outcome even if resulting from death. In our cohort, the bimodal distribution of the outcome was appropriate for the two-step analysis approach. The odds of at least one VFD were lower among underweight, overweight, and obese patients than among normal weight patients. Underweight patients had at least 1.2 fewer VFD than all other categories of nutritional status. Other studies using WFA as the nutritional status marker have failed to demonstrate significant relationships between nutritional status and days on mechanical ventilation (35, 36, 40) .
Malnutrition detected at admission to the PICU may represent a variety of etiologies, often related to the underlying disease and comorbidities. In Table 3 , we describe the relationship between comorbidities and nutritional status for our cohort. Children with congenital heart disease had the highest prevalence of underweight, followed by those admitted with other cardiac diseases and respiratory illness. On the other hand, children admitted with existing renal and endocrine illness had high prevalence of obesity. Preexisting conditions may impede nutritional status by decreased intake, absorption, or assimilation of nutrients. Therapies aimed at alleviating the underlying conditions along with attention to optimal nutrient intake for individual patients may be important in reversing or in some cases preventing nutritional deterioration during prolonged critical illness. Our results suggest that simple anthropometric variables might allow effective screening of patients at risk of poor outcomes. The associations reported in our study strengthen the argument for resource allocation towards further nutritional assessment of flagged patients and targeted interventions for critically ill children with existing malnutrition. Future studies examining targeted strategies and their impact on outcomes in malnourished children in the PICU are desirable.
Our study has several limitations that must be recognized. Despite the multinational participation, only medium-sized PICU sites were eligible, and sites in the United States and Europe dominate these data. African and many Asian centers, where malnutrition may be even more prevalent, were not adequately represented. Although we included mechanically ventilated children in an attempt to enroll sick children, we acknowledge that a fraction of the cohort was on this support following elective surgeries. Lack of accuracy of measurements due to variability in measurement techniques is an important limitation to anthropometric studies. Weights could be influenced by volume depletion or dehydration. Critically ill children frequently have alterations in fluid balance that lead to erroneous, sometimes inflated, weight measurements (41) . These fluctuations from usual body weight may lead to invalid BMI z scores and misrepresentations in the distribution of nutritional status. In addition, accurate measurement of weight and particularly height may not be feasible in all critically ill patients. The prospective nature of the study allowed us to make best efforts to obtain these measurements. In cases where these were considered unsafe or not feasible, dietitians at the enrolling sites used best estimates for these variables. Subgroup analyses of subjects that only included those with measured weight and height showed similar associations between BMI z scores categories and clinical outcomes, including mortality, hospital-acquired infection, VFD, and hospital length of stay. A small number of patients with implausible BMI z scores were removed from the final analysis. Furthermore, BMI reflects only one aspect of nutritional assessment in children. An indepth nutritional status assessment must involve dietary and recent growth history, physical examination, and biochemical markers. Composite screening tools that incorporate some of these elements are available for hospitalized children but have not been validated in the PICU population. Our study was also limited by the cross-sectional nature of the data collection. The prevalence of admission disease categories and severity of illness could be related to time, site, or region. We attempted to address many of these limitations with the prospective study design and a large sample of patients from PICUs in regions across the world, and limiting the participation to sites with eight or more beds. Training on the use of our standardized data entry form, prospective data recording by experienced dietitians, in a majority of centers, and rigorous built-in and manual cross-checks for missing or erroneous data points, were incorporated in the study design. This helped provide a high percentage of complete and reliable data. The data were strengthened by the diversity and size of the sample, which enhances the generalizability of our observations to PICUs with similar characteristics.
CONCLUSIONS
In a large cohort of mechanically ventilated children, we recorded a high prevalence of malnutrition and have demonstrated significant associations between nutritional status at admission to the PICU and important clinical outcomes. Underweight status predicted a higher risk-adjusted mortality, lower likelihood of hospital discharge, and hospital-acquired infections. Obesity was associated with higher odds of acquired infections and longer hospital stay. Abnormal nutritional status negatively affected VFD in this cohort. Nutritional status must be determined on all children in the PICU. Malnourished children (both underweight and obese) must be flagged at admission in order to target optimal nutritional strategies aimed at preventing further nutritional deterioration. Future studies must examine the role of targeted nutritional interventions in this cohort, and their impact on improving clinical outcomes.
